Supergene mineralization of the hydrothermal vein uranium deposit Medvědín (Krkonoše Mts., northern Bohemia) is rather varied both in number of the mineral phases and their chemical variation. The supergene minerals agardite-(Y), autunite/metaautunite, dewindtite, churchite-(Y), kasolite, new unnamed phase Pb(Ce,REE) 3 (PO 4 ) 3 (OH) 2 . nH 2 O, parsonsite, phosphuranylite, plumbogummite, pseudomalachite, pyromorphite, saléeite, torbernite/metatorbernite and uranophane were studied using powder XRD, EPMA, IR-spectroscopic and thermal analysis, contributing significantly to the clarification of their crystal chemistry. The alteration mineral assemblage consisting mostly of uranyl phosphates and silicates exhibits relatively high contents of REE and Pb. Minerals with a composition corresponding to pure mineral end-members have not been observed; instead most of the studied phases represent members of isomorphic series. Studied mineral assemblage is a stable association in surface conditions resulting apparently from a long-term alteration of the primary uranium mineralization.
Introduction
Uranium is the key element for nuclear energy production. However, the increasing usage of uranium as a nuclear fuel brings about environmental problems, such as remediation and long-term storage of the spent nuclear fuel. Understanding behaviour of uranium in natural conditions, especially in shallow crustal levels and the mechanism of alteration processes in particular has a crucial importance for the spent nuclear fuel management and solving other environmental problems (Finch and Ewing 1992; Wronkiewicz et al. 1992) . The Medvědín deposit in the northern Bohemia exhibits a well-developed alteration zone with prevalence of uranyl supergene minerals, representing a perfect natural laboratory for study of the alteration processes. This paper brings the results of our new mineralogical study concerned with this interesting mineral deposit.
The Medvědín uranium deposit (sometimes cited as Horní Mísečky deposit) occurs near a small village of Horní Mísečky. The locality is located 2.5 km northwest of the Špindlerův Mlýn in the Krkonoše Mts., northern Bohemia, Czech Republic. The Medvědín deposit occurs at an altitude of 1,000 to 1,200 m, in proximity of the Medvědín hill (1,235 m) (Figs 1-2).
The deposit was discovered by Krkonoše uranium prospection group (K-III, based in Vrchlabí) in 1952 by a detailed ground-based gamma prospecting. The radiometric anomalies coincided with outcrop structures trending NW-SE (Veselý 1982) nearby the summit of Medvědín, 1,235 m a.s.l. Trenches positioned on these structures revealed local accumulations of further unspecified secondary uranium minerals ("uranium micas") and uranium phosphates in tectonic zones up to several dm wide. Adit No. 1 (1,152 m a.s.l.) was driven in 1953 and a cluster of mineralized veins was intersected 40 to 80 m below surface. In 1954 , adit No. 2 was opened from Horní Mísečky (later the third level, 1,064 m), which was driven 85 m deeper than the previous one. The adits were directed NE-SW, perpendicular to the supposed mineralized structure. When exploration works finished, the deposit was handed over to the local Trutnov branch of the Jáchymovské doly (JD) mining enterprise. After exploitation started at the levels of the adits, the JD enterprise opened the adit No. 11 and a shaft No. 6. These works revealed the deposit at the second, fourth and fifth levels, but as the situation at the fourth level indicated an increasing abundance of granite and aplite dykes, an idea of opening the fifth level was abandoned (Veselý 1982) .
Altogether, 20 veins were examined, of which six contained economical uranium accumulations. During exploration until the middle of the year 1955, 72 000 m 2 of veins surface with a low productivity (only 0.08-0.57 kg U/ m 2 ) were discovered with ore estimate of 170.5 t of U in category C 1 + C 2 , 72.3 t of U in C 1 . In that time economic factors already became important. Mining was closed by JD enterprise in 1959 after production of ore equivalent to mere 24.5 t of U (Veselý 1982) . This makes Medvědín the largest uranium deposit in the Krkonoše-Jizera granite pluton (Pluskal 1993 ) and, at the same time, the largest mining venture in the Czech part of the Krkonoše Mts.
At present, the dumps after mining are largely removed. The most extensive remains are parts of dumps (Fig. 3) along the brook Medvědínský potok in the Labský důl valley. Collapsed portals of adits Nos 1 and 2 occur there, which were driven from the Labský důl valley, but did not reach surface at places of the adits Nos 1 and 3 at Horní Mísečky. The shaft No. 6 collar was sealed. At the Horní Mísečky site, some buildings from the mining stage are preserved and used in part as recreation facilities. The portal of the adit No. 1 is sealed, the dump is removed and entry into the adit No. 3 is secured, as it was used temporarily for water supply.
Geological setting
The deposit is located in metamorphic rocks at the southern exocontact of the Krkonoše-Jizera Pluton (Fig. 1) . Country-rock metapelites, metamorphosed to cordierite and andalusite hornfelses, belong to the newly defined Vrchlabí Group (Winchester et al. 2003) .
The total width of the contact aureole is nearly 1.5 km. In proximity of the deposit is the Krkonoše-Jizera Pluton represented by even-grained biotite granodiorite, the so-called Harrachov granite (Klomínský 1969 ). The contact is trending 285-300° with a dip of 40-70° to the south (Veselý 1982) . Fault structures are classified in three systems. Most important are NW-SE trending faults and they are represented by the Harrachov fault. Faults of the second system are sub-meridional to NE-SW and the last system shows E-W trend (Veselý 1982) . Exploration resulted in finding three systems of veins and fractures: (1) 300-345° dipping 60-80° to the southwest, (2) 20-45° dipping to the northwest, and (3) veins trending 80-85° with a dip to the north (Veselý 1982) .
Most of uranium mineralization was concentrated in the NW-SE trending veins including M3, M4, M5, M11, M12, and M18. Width of the veins varied from 2 to 20 cm, exceptionally to 80 cm. Vein filling consisted of tectonic clay, mylonite, quartz of three generations (white, grey hornstein-like quartz genetically linked with accumulations of uraninite and younger comb-structured quartz). Among the ore minerals chalcopyrite, hematite, pyrite, arsenopyrite, and supergene minerals of Cu, Fe and Mn were rarely found. Uranium mineralization was represented throughout the deposit by supergene uranium minerals: torbernite, autunite and "gummite" (earlier described accumulations of massive uranyl oxides and hydroxides accompanied by uranyl silicates) with relics of a primary uraninite concentrated locally into separate ore lenses (Veselý 1982) . The veins trending NE-SW were of a similar character but contained more tectonic clay and less quartz. The veins M16 and M17 were 2 to 50 cm thick. The vein M7 was examined as an example of the third set of veins. This set is relatively younger than the first two sets and offsets the NW-trending veins by two metres (Veselý 1982) . The vein M18 trending 330-335° with a dip of 60-75° was most important as it yielded more than 50 % of total uranium exploited in this deposit. It was opened by mining works from the surface down to the fourth level. In the mineralized parts it was up to 1 m wide. Strukov (1958) suggested that a strong silicification and possibly the presence of aplite dykes were favourable factors in mineralization. Another favourable site was crossing of the NW-SE veins (M4, M12, M18) with NE-SW veins (M7) as at these places mineralization from the first set of veins penetrated into veins of the second set. In the youngest M7 vein mineralization is dislocated to a distance of 6 m from intersection with M18 vein (Veselý 1982) . Veselý (1982) compiled all available information on the deposit and its mineralization, using mainly data from the report by Strukov (1958) . Recent studies on mineralogy of the deposit include a paper by Pauliš et al. (2005) reporting uranophane from dumps at Medvědín and Plášil et al. (2006b) who studied supergene REE minerals and presented a list of identified supergene phases. In another contribution, Plášil et al. (2008) described bismuth mineralization from the gallery No. 3 at the Medvědín deposit. The present study is mainly based on the unpublished BSci. thesis by Plášil (2007) .
Methodology
Binocular microscope was used for inspecting selected samples and to pick up minerals for identification. The surface morphology of samples was studied with the optical microscope Nikon SMZ1500 in combination with the digital camera Nikon DXM1200F, employed for photography in incandescent light.
The X-ray powder diffraction analysis was utilized for identification of unknown mineral phases. To minimize complicated shape of background due to classical glass sample holder, the samples studied were placed on the surface of flat silicon wafer from alcoholic or acetone suspension.
Step-scanned powder diffraction data were collected using PANalytical X´Pert Pro diffractometer operating at 40 kV and 30 mA with a secondary monochromator producing CuKα 1,2 radiation with X´Celerator detector (X-ray diffraction Laboratory, Institute of Geochemistry, Mineralogy and Mineral Resources, Faculty of Science, Charles University, Prague). For identification of phases the search-match algorithm High-Score with PDF-2 database was used (ICDD 2003) . Position of diffraction maxima and integral intensity of diffractions were refined with Xfit program using the profile function Pearson VII (Coelho and Cheary 1997) . The integral intensities of individual maxima were normalized to the strongest diffraction maximum or, alternatively, relative intensities obtained with the program High-Score were used. Diffractions were indexed using theoretical data calculated with the program Powder Cell (Krause and Nolze 2000), using known crystal structure of individual phases. Unit-cell parameters were refined by the leastsquares method (Burnham 1962) . Specific conditions of diffraction data acquisition are presented in data tables for each studied mineral.
The electron microscope CamScan4 with an energy dispersive analyser Link ISIS 300 was used for study of qualitative chemical composition (Laboratory of Electron Microanalysis, Institute of Petrology and Structural Geology, Faculty of Science, Charles University in Prague). Natural surface of samples was used for analysis. Details of surface morphology of gold-coated samples were studied with the scanning electron microscope (SEM) Jeol JSM-6380 (Institute of Geology and Palaeontology, Charles University in Prague). Quantitative chemical composition of minerals was analysed in polished thin sections with the electron microprobe Cameca SX100 (Joint Laboratory of the Masaryk University, Brno and the Czech Geological Survey). The analyses were acquired at 15 kV of accelerating voltage, 8-15 nA current and 2-20 µm beam diameter. Analyses of highly hydrated uranyl minerals ("uranium micas") were carried out at beam current only 2 nA and a minimum beam diameter of 20 µm. A smaller beam size results in unreliable values for copper and alkalis. The following lines and standards were used: Kα: V (vanadinite), Ca and Fe (andradite), S (barite), Mg (forsterite), K, Si, Al (sanidine), Na (albite), Zn (ZnO), P, F (fluorapatite), Cl (NaCl); Lα: Y (YAG), La (LaB 6 ), Ce (CeAl 2 ), Sm (SmF 3 ), Cu (dioptase), As (InAs); Lβ: Ba (barite), Pr (PrF 3 ), Nd (NdF 3 ); Mα: Pb (vanadinite), Th (ThO 2 ); Mβ: U (U), Bi (Bi). Peak counting times (CT) were 10-20 s for major elements, 40-60 s for minor to trace elements and counting time on background was ½ CT. The measured intensities were converted to element concentrations using the PAP program (Pouchou and Pichoir 1985) . Elevated analytical totals of minerals containing a large amount of hydroxyl groups or crystal water are generally caused by water evaporation in high vacuum or heating of the analyzed spot by the electron beam. Lower analytical totals for some samples are primarily due to their porous nature or by poorly polished surface of soft or cryptocrystalline minerals.
The infrared spectra of the mineral samples (mixture with KBr powder) were recorded by micro diffuse reflectance method (DRIFTS) on a Nicolet Magna 760 FTIR spectrometer (range 4,000-600 cm , 256 scans, Happ-Genzel apodization) equipped with Spectra Tech InspectIR micro FTIR accessory (Faculty of Science, Charles University, Prague). Explanations to infrared spectra: s strong, m medium, w weak, v very, sh shoulder, b broad. Thermal analysis of the samples was realized with Stanton Redcroft Thermobalance TG 750 (Institute of Chemical Technology, Prague), heating rate 10 °C.min -1 , dynamic air atmosphere, flow rate of 10 ml.min -1 ; sample weight of parsonsite was 0.836 mg, sample weights of saléeites were 0.679 mg (saléeite I) and 0.973 mg (saléeite II). (Fig. 4) up to 1.5×2 cm in size. Botryoidal aggregates with spheres to 1 mm are composed of radiating transparent acicular crystals 0.1 to 0.3 mm long and 3 to 5 µm thick (Fig. 5) . Crystals of agardite-(Y) usually grow on older pseudomalachite and churchite-(Y) associated with tabular metatorbernite crystals.
Descriptions of minerals and their
Chemical composition (Tab. 1) of the studied agardite-(Y) shows extensive substitutions in cation sites. In addition to REE (up to 0.48 apfu), substantial contents of Ca (zálesíite, 0.23 apfu) or Pb components (plumboagardite, 0.23 apfu) may occur (Fig. 6) 6.09 . 3H 2 O. This formula was calculated on the basis of (As + P + Si) = 3 apfu, using average of three spot analyses (Plášil et al. 2006b ). The X-ray powder diffraction pattern of the studied agardite-(Y) (Tab. 2) corresponds to published data for this mineral. Refined unit-cell parameters and the reduced volume of the unit-cell (Tab. 3) correlate with the substitution AsP -1 (agardite-petersite). They are compared with published data for other members of the mixite group in Tab. 3. As seen in Fig. 7 , the values of unit-cell parameter c and the unit-cell volume V permit to identify individual members of the group, perhaps except the Al-As dominated member goudeyite, for which relevant data are lacking.
Tab. 1 Chemical composition of agardite-(Y)
Assignment of the IR absorption bands of agardite-(Y) from Medvědín is as follows (band positions in cm 
Churchite-(Y) YPO 4 · 2H 2 O
Churchite-(Y) is of a common occurrence in the studied material. It forms rich aggregates covering surfaces of several or tens of cm 2 and penetrates altered gangue as nearly monomineralic filling. The surface of whitish or light grey churchite-(Y) aggregates has botryoidal shapes with semi-spherical aggregates nearly 0.2 mm across (Fig.  8) . Acicular churchite-(Y) crystals are rare, they may reach length up to 0.5 mm (Fig. 9) . Mineral is usually associated with metatorbernite (locally overgrowths), metaautunite, lemon yellow or grey saléeite, locally with orange acicular crystals of dewindtite and orange radiating aggregates of kasolite. The crystalline crusts of churchite-(Y) are often covered by orange-brown parsonsite crystals.
The chemical composition of churchite-(Y) from Medvědín is given in the Tab. 4. The empiric formula calculated on the basis of 2 apfu from average of eleven spot analyses is: (Plášil et al. 2006b ). The distribution pattern of REE and Y contents (Fig. 10) , normalized by chondrite values (Taylor and McLennan 1985) , indicates an relative enrichment in MREE (Plášil et al. 2006b ).
The X-ray powder diffraction pattern (Tab. 5) and refined unit-cell parameters of churchite-(Y) from Medvědín correspond very well to the literature data (Tab. 6).
Assignment of IR absorption bands of churchite-(Y) from the Medvědín deposit is as follows. Infrared spectrum of churchite-(Y) was published by Moenke (1966) and Sejkora et al. (1994) . The studied spectrum is close to In relatively dry environment autunite readily de-hydrates to metaautunite. This proceeds as a partly reversible reaction, depending on local temperature and humidity. Dehydration results in escape of water molecules from layered structure of autunite and in interaction of Ca ions with oxygen in uranyl groups (Locock 2004) . The same author gave for synthetic autunite the content of 11 H 2 O; dehydration of synthetic autunite according to Sowder et al. (2000) results in a metaphase containing 7 H 2 O. Makarov and Ivanov (1960) gave for natural autunite the water content of 6 H 2 O. It is uncertain whether the dehydration of autunite yields a phase with a single type of meta-structure. Natural metaautunites probably include material corresponding to several dehydration steps. This may be the reason why the structure of natural metaautunite has not been solved yet. Autunite, which in the course of time spontaneously alters to metaautunite, is relatively abundant in the material studied. It forms light green tabular crystals up to 3 mm across. Dehydration of the crystals kept under decreased humidity conditions proceeds relatively quickly, which is seen as dim surface of crystals. Metaautunite crystals, in contrast to autunite, are notably dull and opaque. Both minerals show very intense green luminescence in shortwave UV radiation (254 nm). Autunite and metaautunite occur most frequently in association with metatorbernite and uranophane in quartz gangue (M 12 vein). They occur in crystals up to 3 mm in size deposited on light The X-ray powder diffraction pattern of metaautunite from Medvědín (Tab. 9) corresponds well to data in the ICDD PDF-2 database. It was indexed using the data from metatorbernite crystal structure (Locock and Burns 2003) , with substitution of Ca for Cu, and using unit-cell parameters by Makarov and Ivanov (1960) . The refined unit-cell parameters of metaautunite from Medvědín correspond to published data (Tab. 10); however, Sejkora et al. (1997a) gave notably higher value of c parameter for metaautunite from the Slavkovice deposit.
kasolite Pb(UO 2 )SiO 4 · H 2 O
Radiating aggregates of kasolite up to 3 mm across at the Medvědín deposit are of orange colour and waxy lustre (Fig. 12 ). They occur in association with parsonsite, metatorbernite, saléeite, dewindtite, churchite-(Y) and uranophane. Kasolite also forms massive coatings of body orange colour, which support sheets of acicular uranophane. Massive kasolite overgrown by light yellow acicular uranophane in spheroidal aggregates is less common.
Locally, kasolite forms crystalline aggregates protruding into cavities a few mm across. Kasolite is also identified as a component of "gumite" or its yellow parts, whereas orange to red-brown parts correspond to uranophane.
The quantitative chemical analyses of kasolite from Medvědín (Tab. 11) indicate a significant Pb deficiency: only 0.84-0.89 apfu in comparison with the ideal formula. This deficiency is partly balanced by entry of K (0.04-0.05 apfu) and Ca (0.01 apfu) into this structural position. A similar Pb deficiency was observed by Sej- Fig. 12 Radiating aggregates of kasolite, width of photo 2.5 mm, photo J. Sejkora (Nikon SMZ1500). The X-ray powder diffraction pattern of kasolite from Medvědín (Tab. 12) corresponds very well to the data in the literature (Tab. 13). The measured intensities of diffraction maxima differ notably from the intensities calculated from kasolite crystal structure (Rosenzweig and Ryan 1977) . This is probably caused by preferred orientation of the type h00. Such a situation was observed nearly with all studied natural kasolite samples (Škácha and Sejkora 2001; Sejkora et al. 2007) . Refined unit-cell parameters of kasolite from Medvědín are compared in Tab. 13 with published data for this mineral. Compared to data from other localities, in particular samples from Jáchymov (Ondruš et al. 1997) and Horní Halže (Sejkora Tab. 13 Refined unit-cell parameters of kasolite (monoclinic space group P2 1 /c) Čejka (1999) and Čejka et al. (1986) . This generally rare uranyl phosphate of lead was observed at the Medvědín deposit as fairly common crystalline coatings covering surfaces up to tens of cm 2 . Parsonsite is often deposited on whitish grey botryoidal or spheroidal aggregates of churchite-(Y) (Fig. 13) . The aggregates of parsonsite consist of sheaf-like crystal clusters up to 1 mm across (Fig. 14) . The aggregates are composed of lath-shaped crystals of a deep orange colour (Fig. 15) . Parsonsite is locally covered by younger crystalline aggregates of pyromorphite. Parsonsite was also observed as intergrowth with dipyramidal metatorbernite crystals and in close association with acicular to tabular dewindtite crystals. Samples with parsonsite often carry lemon yellow tabular crystals of saléeite and radiating aggregates of kasolite.
Tab. 11 Chemical composition of kasolite
The chemical analyses of parsonsite from Medvědín (Tab. 14) show increased content of (AsO 4 ) 3-(up to 0.46 apfu), which shows isomorphic substitution with (PO 4 ) 3- (Fig. 16) . The increasing content of arsenic corresponds to the hallimondite component (Walenta 1965b) .
Problematic remains the water content in parsonsite. A synthetic analogue of parsonsite is anhydrous or contains only 0.5 H 2 O (Vochten et al. 1991; Locock 2004 , Locock et al. 2005 . The natural material probably contains on the basis of (P + As + Si) = 2: (Pb 2.00 Ca 0.04 ) Σ2 bonds are present in the structure. Infrared spectrum of parsonsite sample studied is close to infrared and Raman spectra of parsonsite described by Frost et al. (2006a) . Zhangru et al. 1990 ) Minerals of the phosphuranylite group are widespread at the Medvědín deposit. They usually form radiating aggregates of yellow to yellow-orange colour (Fig. 18) , or yellow-green crystalline aggregates (Fig. 19) ; exceptional gregates of churchite-(Y) in a studied samples. In some specimens minerals of the phosphuranylite group are deposited on grey crystals of saléeite I.
Phosphuranylite group minerals
Quantitative chemical analyses and X-ray powder diffraction study resulted in identification of phosphuranylite and dewindtite in these aggregates. Our new data for material from the Medvědín deposit strongly support a probable identity of phosphuranylite and yingjiangite, proposed by Coutinho and Atencio (2000) . Yingjiangite has unit-cell identical with that of phosphuranylite. With regard to significant potassium contents in all recent are yellow-green well-formed tabular crystals up to 2 mm (Fig. 20) . The crystals are often elongated parallel to c (Figs 21-22) . Minerals of this group are associated with saléeite, dipyramidal crystals of metatorbernite (Fig. 23) Demartin et al. (1991) has not been proved by study of infrared absorption spectra (Čejka 1999) . Demartin et al. (1991) and Piret et al. (1990) derived the chemical formulae of dewindtite and phosphuranylite from analyses of crystal structures, which were not supported by reliable data on chemical composition.
Due to similarity in crystal structure of the two minerals and also in the unit-cell parameters, it is very difficult to distinguish phosphuranylite from dewindtite by X-ray powder diffraction. To identify minerals of the phosphuranylite group from the Medvědín deposit we have used the method described by Sejkora et al. (2003) , based on comparison of unitcell parameters b and c (Fig. 25) .
Chemical microanalyses of samples from Medvědín prove an extensive substitution in the phosphuranylite-dewindtite series. In addition, the data obtained indicate complexity in heterovalent substitutions (predominance of 3Pb 2+ -2(K + ,Ca 2+ ) substitution) and accompanying variation in crystal structure of these phases. With regard to complicated chemical composition of the studied minerals and the fact that at the Medvědín deposit the minerals are not represented by phases close to ideal end-member compositions, in the following text are discussed analytical data for each of the samples individually. Elongated crystals up to 1 mm long, green or green to light yellow along c (samples M29 and XME7ZZ) (Fig. 19) , have been identified by electron microprobe as dewindtite (Fig. 24) . Using average of three spot analyses (Tab. 17) the following empiric formula has been calculated (P + As + Si + S = 4 apfu): (Pb Fig. 25 ). Infrared vibrational spectra of the sample M29 show water molecule libration mode 798 w; ν 3 (UO 2 ) 2+ antisymmetric stretching vibration 909 s; ν 3 (PO 3 ) 3-antisymmetric stretching vibrations 1011 vs sh, 1044 vs, 1086 vs; δ H 2 O bending vibration 1642 w; ν OH stretching vibrations 3241 m sh, 3473 s b; some hydrogen bonds are present in the structure.
The rich crystalline aggregates of yellow-green colour (Fig. 20) in the sample P2 contain both dewindtite and phosphuranylite as indicated by quantitative chemical analyses (Fig. 24) . Empiric formula for dewindtite was calculated from an average of five spot analyses (P + As + Si + S = 4) (Tab. Aggregates of yellow crystals associated with a yellow saléeite II and dipyramidal crystals of metatorbernite in the sample Ga120 have been identified chemically as dewindtite (Tab. 23, Fig. 24 ), but unitcell parameters refined from X-ray powder diffraction pattern (Tab. 24) are closer to those of phosphuranylite (Tab. 22, Fig. 25 ). It is possible that the sample contains both minerals, which cannot be identified macroscopically and the microanalysis did not confirm a presence of phosphuranylite, either. Based on (P + As + Si + S) = 4 the empirical formula of dewindtite (Ga 120) Chemical composition of yellow radiating aggregates (sample XME6ZV) (Fig. 18) , associated with saléeite and parsonsite, corresponds to phosphuranylite (Fig. 24) . The following empiric formula based on (P + As + Si + S)= 4 was calculated from average of three spot analyses (Tab. Orange to orange-yellow crystalline aggregates associated with metatorbernite, uranophane, kasolite and parsonsite (sample M25) correspond to phosphuranylite, as indicated by quantitative chemical analyses (Fig. 24) . Their chemical composition (Tab. 26) can be expressed by the following empiric formula (average of seven analyses; P + As + Si = 4): K 0.84 (Ca 0.85 (Demartin et al. 1991) (AsO 4 ) 0.17 ] Σ4.00 · 8H 2 O. Unit-cell parameters refined from the powder X-ray diffraction data (Tab. 24) correspond to phosphuranylite (Tab. 22, Fig. 25 ). Assignment of IR vibrational bands is: ν 1 (UO 2 ) 2+ symmetric stretching vibration 812 w; ν 3 (UO 2 ) 2+ antisymmetric stretching vibration 912 s; ν 3 (PO 4 ) 3-antisymmetric stretching vibrations 997 vs, 1050 vs, 1089 vs; δ H 2 O bending vibration 1636 w; ν OH stretching vibrations 3237 m, 3364 m sh, 3476 m; some hydrogen bonds are present in the structure.
There are only small differences between infrared spectra of studied phosphuranylite-dewindtite samples. Observed infrared spectra of all three minerals are comparable with published infrared spectra of phosphuranylite (Sejkora et al. 1994; Čejka 1999; Frost et al. 2008) , yingjiangite (Zhangru et al. 1990; Jingyi et al. 1992; Frost et al. 2008 ) and dewindtite (Frost et al. 2006b ). cation site (Fig. 29) . Besides the dominant Mg (0.71-0.98 apfu), Ca, Cu, Pb and K occur in quantities of 0.02 to 0.29 apfu. The dominating anion in the tetrahedral site of saléeite I (Fig. 29) (Demartin et al. 1991) 4.2.7. Saléeite Mg(UO 2 ) 2 (PO 4 ) 2 · 10H 2 O Crystallized saléeite is a common mineral among the recently studied samples from Medvědín. It occurs in two morphologically different generations. Older salée-ite I forms thin tabular crystals of light brown and grey colour, up to several mm across (Fig. 26) , which are transparent to translucent. Saléeite I coats druses of thin tabular crystals of (meta)torbernite (Fig. 27) . It is often intergrown with younger saléeite II of lemon yellow colour, in crystals up to 3 mm (Fig. 28) . The crystals of saléeite II are thinner than those of saléeite I and are characterized by a vitreous lustre with pearl flashes. Saléeite II shows intense yellow fluorescence in short-wave UV radiation (254 nm), whereas saléeite I either has none or weak. Both generations occur with minerals of the dewindtite-phosphuranylite series, kasolite, churchite-(Y) and parsonsite.
The compositional study of saléeite I from Medvědín (Tab. 27) proved rather extensive substitution in the metrically distinct water molecules and some hydrogen bonds are present in the structure. Unclear is the vibrational band near 1700 cm -1 , which is not derived from H 2 O vibration but may be a combination vibration (ν 1 + ν 3 ) (UO 2 ) 2+ . No substantial differences were observed between infrared spectra of both studied saléeite samples. The newly obtained spectra are also close to those published in literature (Čejka Jr. et al.1984; Sejkora et al. 1998; Frost and Weier 2004) .
Tab. 28 Chemical composition of saléeite II
Thermal analysis confirmed that both types of saléeites contain c. 10 H 2 O molecules, which is equal to the theoretical composition. The presence of non-equivalent H 2 O groups in the saléeite crystal structure could be inferred from the analysis.
Torbernite/Metatorbernite
Cu(UO 2 ) 2 (PO 4 ) 2 ·10-12H 2 O/ Cu(UO 2 ) 2 (PO 4 ) 2 ·8H 2 O Torbernite and metatorbernite, the latter resulting from the spontaneous dehydration of the former, are relatively abundant in the studied material and can be observed in association with majority of other identified minerals. Compared to autunite they have a darker green colour. Found were both tetragonal tabular crystals (combination of prismatic and basal faces; Fig. 30 ) and well-formed dipyramidal crystals (combination of dipyramidal and basal faces) up to 2 mm across. Some crystals show zoning with alternation of green (metatorbernite) and brown (saléeite) zones (Fig. 27) . The cation site of metatorbernite from Medvědín (Tab. 31) is dominated by Cu (0.49-1.12 apfu; Fig. 31 ) Fig. 30 Tabular metatorbernite crystal on rich dewindtite aggregates (P2); width of photo 1.0 mm, photo J. Sejkora (Nikon SMZ1500). The X-ray powder diffraction pattern of metatorbernite from Medvědín (Tab. 32) is perfectly consistent with the published data (Tab. 33). Its refined unit-cell parameters correspond to those of metatorbernite (Tab. 33), regardless the relatively high content of the metazeunerite (As) component (Fig. 32) . 
Tab. 31 Representative analyses of metatorbernite

Metatorbernite showing UV-fluorescence
Some of the studied samples carried crystalline coatings of metatorbernite up to several cm 2 across, typically associated with "limonite" coatings. Individual tabular crystals reach size up to 1 mm (Fig. 33) . They show notably lighter green colour than other studied metatorbernites. Peculiar is a moderately intense light green fluorescence in short-wave UV light (254 nm). This is rather surprising, as one of characteristic and diagnostic properties of metatorbernite (as well as torbernite and (meta)autunite) is the absence of fluorescence in UV light.
The anomalous Medvědín metatorbernite shows in addition to dominating Cu (0.35-0.98 apfu) increased contents of Ca (0.13-0.20 apfu -Tab. 34; Fig. 31 ). However, the presence of calcium does not explain the unusual UV fluorescence, as the other metatorbernite samples -containing even higher Ca contents -are nonfluorescent. Possible presence of a fine intergrowth of phases dominated alternatively by Cu and Ca up to the EPMA resolution limit of c. 0.5-1 μm was tested with negative results. Besides predominating (PO 4 ) 3-anion (1.74-1.93 apfu) the tetrahedral sites of this metatorbernite contain (AsO 4 ) 3-anion in the range of 0.05-0.25 apfu. The PAs -1 isomorphism has no effect on fluorescence of the studied phase, as the As analogue -(meta-) zeunerite -lacks fluorescence in the UV light. The empirical formula of UV-active metatorbernite from Medvědín (average of 8 spot analyses), based on (P + As + Si + S + V) = 2 is: (Cu 0.77 The X-ray powder diffraction pattern of the UV-active metatorbernite (Tab. 32) corresponds well to the published data (ICDD 2003) . The X-ray pattern suggests a possible presence of an additional mineral, which has an asymmetric character of high intensity diffractions of the 00l type. Refined unit-cell parameters of the studied phase differ from the data published for metatorbernite, particularly in the a parameter (Tab. 33, Fig. 32 No substantial differences were found between infrared spectra of both studied torbernite/metatorbernite samples. They are close to the published infrared metatorbernite spectra (e.g. Čejka Jr. et al. 1984 Uranophane from dumps at the Medvědín deposit was described by Pauliš et al. (2005) . Semiquantitative chemical analyses and X-ray diffraction data were also presented by the same authors.
In the course of the present project, uranophane was observed in samples from the tunnel No. 1 as a predominant component of compact brown, red and orange parts of the so-called "gumite". In studied samples from adit No. 2 uranophane forms yellow spheroidal aggregates in proximity of kasolite and churchite-(Y) or coats orange aggregates of kasolite.
Around kasolite aggregates it forms radiating aggregates composed of acicular crystals (Fig. 34) . Several samples from the same location contain well-formed uranophane needles up to 2.5 mm long, which are grouped to yellow compact crystalline aggregates macroscopically resembling phosphuranylite (Fig. 35) .
Chemical composition of uranophane from Medvědín (Tab. 35), based on average of four spot analyses and sh; symmetrically distinct water molecules and a set of hydrogen bonds are present in the structure. Infrared spectra of uranophane were published by many authors; the observed spectra are close to these (see e.g. Čejka et al. 1986; Čejka 1999 Chemical composition of plumbogummite (average of four spot analyses -Tab. 38), recalculated on the basis of (P + As + Si + S) = 2, yields the following formula: (Pb (0.43-0.45 apfu), in addition to dominating (PO 4 ) 3-ions (1.55-1.57 apfu). Unlimited PAs -1 isomorphism in the pseudomalachite-cornwallite series was described by Artl and Ambruster (1999) . The empirical formula of studied pseudomalachite (average of three spot analyses) can be expressed on the basis of (P + As + S) = 2 as follows: (Cu 5.21 The X-ray powder diffraction pattern of the studied phase corresponds well to published data for pseudomalachite (ICDD 2003) . The polymorphs reichenbachite and ludjibajite have not been found as admixtures. Due to numerous coincidences of pseudomalachite with the intergrown metatorbernite and agardite-(Y) it was not possible to index the X-ray powder pattern reliably and to refine its unit-cell parameters.
Pyromorphite Pb 5 (PO 4 ) 3 Cl
The mineral forms transparent to translucent acicular crystals with imperfect morphology, up to 4 mm long (Fig. 36) . The crystals with a strong vitreous lustre are light yellow to yellow-brown, grouped in small radiating members of the pyromorphite-mimetite series (Dai and Hughes 1989) . The refined unit-cell parameters (Tab. 42) show characteristic increase, compared to P-rich end-member. This increase correlates well with the range of the PAs -1 substitution indicated by chemical analyses.
Bi mineralization
Bismuth minerals have been identified in a single sample collected in the No. 18 vein in the gallery No. 3. Plášil et al. (2008) documented the presence of bismite, bismuthite and eulytite, formed probably in the course of late hydrothermal alteration of primary native bismuth. A detailed description of the Bi-mineralization is presented in the paper mentioned above. 
Comments on the origin of supergene mineralization at the Medvědín deposit
The studied mineral association of supergene uranium minerals represents a typical uranyl phases assemblage in the supergene zone of uranium deposits. The supergene alteration zone at the Medvědín deposit has a large vertical extent, reaching about 350 m below the surface. The ore body is developed in a belt (c. 300-400 m wide) of contact metamorphic rocks more resistant to erosion than the surrounding strata. The deposit is limited geomorphologically by the Labský důl valley in the north, the Jizerka river valley in the south and by the Elbe river valley in the east. The Labský důl valley was formed due to glacial activity. The upper parts of the Medvědín deposit were probably removed by denudation already during Tertiary (Zlaté návrší peneplain).
Only rare relicts of uraninite and native bismuth (Plášil et al. 2008 ) with scarce pyrite and arsenopyrite were found in the deposit. Absence of sulphides indicates a strong and long-term leaching of the primary mineralization. In the presence of oxygen uranyl ions liberated from dissolved uraninite form various complexes which are highly mobile in aqueous solution (Deliens 1977; Langmuir 1978; Chernikov 1981; Belova and Doynikova 2003; Brugger et al. 2003; Grenthe et al. 2004) . No products of early in-situ uraninite weathering, elsewhere most commonly represented by hydrated Pb-oxyhydroxides of U 6+ (vandendriesscheite and fourmarierite) with schoepite (Finch and Murakami 1999) , were found in Medvědín. Abundance of these phases could be considered as a measure for the degree of alteration of the primary mineralization. Uranyl phosphates and silicates represent probably precipitation products from an aqueous solution rich in uranyl complexes (sulphate complexes) at a high activity of PO 4 3-and SiO 4 4-ions. Precipitation of uranyl phosphates is mostly induced by highly acidic environment, whereas alkaline conditions drive precipitation of uranyl silicates.
Based on previous geological survey and current research, we assume a rather intense alteration of primary uraninite + sulphides mineralization. Relicts of uraninite co-formed by massive uranophane and torbernite were found during exploration works on the deposit outcrop. Around the vein, an aureole up to 2 m thick (outcrop of the vein M11) of uranyl phosphates (described as "uranium micas") was found, documenting the primary ores leaching. Deeply penetrating meteoritic waters could have transported uranyl-rich solutions to the lower parts of the deposit and precipitate there. Crystallization of the uranyl phosphates (as the most abundant group of supergene minerals on the deposit) at the contact of descending solutions with the ground water level could have taken place. This may have caused the observed enrichment of the veins at the third level of the deposit (similar to the zone of supergene enrichment typical of the base metal vein deposits) coupled with a depletion of the veins near the surface (1 st level) . To the evolution of oxidation zone contributed geomorphologic aspects such as the developed outcrop situated on the top of the Medvědín hill (mountain humid environment, less vegetation).
Taken together, we suppose the following mineral succession. Products of the early uraninite alteration (hydrated Pb-oxyhydroxides of U 6+ -see above) were replaced by uranyl silicates, mainly by uranophane, whereas kasolite is less abundant due to the loss of Pb. Hydrated uranyl phosphates precipitated in the suitable environment (Eh/pH changes, changes in concentrations of dissolved P ) further from the uranium source (dissolving uraninite). Sequence of uranyl phosphates begun by REE-bearing phases, which are the oldest on the deposit. Parsonsite, saléeite I and II, dewindtite/phosphuranylite and pyromorphite followed. Here and there aggregates of probably younger uranophane and kasolite were formed. Oxidic Bi-mineralization from gallery No. 3 had probably a different genesis, being presumably of late-hydrothermal origin. No recent uranyl phases, connected with weathering of primary U-minerals in the environment of the open adit were found. This seems to be the proof for high level of their alteration and leaching.
Relatively high REE and Pb contents in supergene minerals are characteristic of the studied mineral association. Lead was probably supplied from galena, which was completely decomposed in the supergene alteration zone but its small proportion is probably of radiogenic origin (bound first in uraninite). The increased REE abundances, notable mainly in churchite-(Y), are probably derived from metasedimentary rocks of the Vrchlabí Group, which have high REE concentrations (Winchester et al. 2003) . Other elements such as P and Mg could have been derived from these rocks as well.
Conclusions
Studied assemblage of supergene minerals containing uranium and other elements is a product of a longterm alteration of the primary mineralization. Uranyl phosphates and arsenates represent stable association of mineral phases under the surface conditions. Mostly intermediate members of the isomorphic mineral series were observed and studied. Most of them exhibit pronounced substitution trends both in cation and anion positions. Occurrences of agardite-(Y), parsonsite and dewindtite are exceptional within the Czech Republic. The presence of molecular water up to 2 molecules per formula unit was confirmed in parsonsite. Description of two interesting and not known species is proposed, "new unnamed phase Pb(Ce,REE) 3 (PO 4 ) 3 (OH) 2 . nH 2 O" and metatorbernite showing UV fluorescence (interesting variety of metatorbernite exhibiting such an unique property). Problematic crystal chemistry of the phosphuranylite group minerals is uncovered, new quantitative chemical data are given. Increased concentrations of REE were observed in some minerals, in particular agardite-(Y), churchite-(Y) and the above-mentioned "new unnamed phase". The REE came probably from host rocks, uranyl minerals formed from primary uraninite, which has been totally dissolved and is present only in small relicts. Other elements have probably originated from base-metal sulphides, which were dissolved during the presumed long-term alteration.
